Objective: To determine if metabolite ratios at near-term age predict outcome in very low birth weight preterm infants at 18 to 24 months adjusted age.
Introduction
Very low birth weight (VLBW, p1500 g) preterm infants are at an increased risk of neurological abnormalities, including poor cognitive function, decreased academic achievement, visual disability, hearing impairments and cerebral palsy (CP). [1] [2] [3] [4] [5] [6] At present, clinical evaluation of these infants does not provide adequate diagnostic or prognostic information. Neuroimaging has been proposed to diagnose brain injury so that appropriate medical management can be provided and to detect lesions associated with long-term neurodevelopmental disability. 7 Serial ultrasound is commonly used in neonatal intensive care practices to detect intraventricular hemorrhages, ventriculomegaly, periventricular leukomalacia and other white matter abnormalities. Recently, magnetic resonance imaging (MRI) has been shown to be more sensitive than ultrasound in detecting subtle white matter abnormalities seen in preterm infants. [8] [9] [10] Proton magnetic resonance spectroscopy (MRS) is a technique that acquires signals from certain detectable metabolites in selected regions of the brain. Whereas common MRI scans provide high-resolution detail of brain anatomy by using signals from water and lipids, MRS probes the inherently weaker signals of low-concentration chemicals involved in physiological processes. Because of this connection to biochemical activity, MRS has become a valuable research tool for investigating age-related development and pathogenesis of the pediatric brain, as well as an important clinical tool for the diagnosis and prognosis of trauma and disease. [11] [12] [13] [14] [15] For in vivo brain tissue, the strongest metabolite signals are from choline (Ch), creatine (Cr) and N-acetylaspartate (NAA); the resonance for Cr also contains some contribution from phosphocreatine. As the brain develops, concentrations of these neurochemicals change, with the most rapid variations occurring during the first 2 years of life. [15] [16] [17] [18] A number of studies have found that MRS can predict the long-term neurodevelopmental outcome in term, asphyxiated newborns scanned at term age; [19] [20] [21] [22] [23] [24] [25] specifically, these studies found increased lactate and decreased NAA correlated with poor developmental outcome. Few studies, however, have explored the potential of proton MRS in predicting the outcome of preterm infants. The purpose of this study was to primarily examine changes in MRS ratios of brain metabolite levels in VLBW preterm infants at near-term age and, by comparing with clinical test results, to evaluate the efficacy of these methods for predicting long-term neurodevelopmental outcome.
Methods

Patient population
At Lucile Packard Children's Hospital at Stanford, MRI is routinely performed to assess the brain status of preterm infants at termequivalent age and will be presented as ancillary information. The main criteria for inclusion were birth weight p1500 g and/or gestational age p32 weeks. Fifty-eight patients scanned between July 2001 and September 2003 met the inclusion criteria: birth weight p1510 g or gestational age p32 weeks, scan age between 35 and 43 postmenstrual weeks and absence of congenital brain malformations, and they had a complete neurological follow-up examination between 18 and 24 months. Only one subject was 1510 g of weight and of 30 weeks gestational age and all others were <1500 g; 21 (58%) were <1000 g. Seven infants were excluded because MRS acquisitions were incomplete. Fifteen remaining patients were excluded because of incomplete follow-up data. The final cohort was comprised of 36 patients. This study was approved with waiver of consent for retrospective review of already existing data by the Stanford University Administrative Panel on Human Subjects in Medical Research.
Magnetic resonance imaging
Magnetic resonance imaging studies were performed on a 1.5T Twin GE system. A standard (24-cm diameter, quadrature, birdcage) head coil was used. The examination included the following scans: a sagittal T1 spin-echo localizer with 500-ms repetition time (TR), 14-ms echo time (TE), 5-mm slice thickness, 1-mm gap between slices, 256 Â 128 resolution, 22- 
Review of magnetic resonance images
Magnetic resonance imaging examinations were reviewed by an experienced pediatric neuroradiologist (P.D.B.). The MRI findings were categorized by the degree of brain injury into the following four categories (labeled C1 to C4): C1, no abnormality; C2, minimal subependymal hemorrhage or mineralization, for example, grade 1 and 2 germinal matrix/intraventricular hemorrhage; C3, moderate or severe ventriculomegaly, that is, >25 to 50% ventriculocephalic ratio (for example, grade 2 intraventricular hemorrhage, post-hemorrhagic hydrocephalus or atrophy); C4, parenchymal abnormality, including evidence of injury (for example, T1, T2, or gradient-recalled echo intensity abnormalities or structural alterations) as a result of hemorrhage or ischemia (for example, grade 4 intraventricular hemorrhage or periventricular leukomalacia). For the purposes of this study, C1 and C2 were considered normal, and C3 and C4 were considered abnormal.
Magnetic resonance spectroscopy
Two axial MRS slices, one at the level of the basal ganglia and one at a supraventricular level, were acquired using a point-resolved spectroscopy technique with 1-s TR, 144-ms TE, 24-cm FOV, 16 Â 16 matrix, 1-cm slice, 2.25-ml voxel size and 4:30 min acquisition time. The raw MRS data and MRI images were transferred offline to a Unix workstation (Advantage Windows, GE Healthcare, Milwaukee, Wisconsin, USA). A total of two regions of interest were analyzed, one from each of the two MRS slices. The combined left and right thalamus and basal ganglia comprised the first region of interest ( Figure 1a ). The cortex within the pointresolved spectroscopy box, including tissue from the frontal, parietal and occipital lobes, comprised the second region of interest ( Figure 1b ). The multivoxel acquisitions allowed for more versatile spatial processing: if the signal-to-noise ratio (SNR) within a single voxel was found to be insufficient for accurate quantization, the signals from adjacent voxels could be averaged to improve the SNR at the cost of reduced spatial resolution. In this way, the effective SNR could be enhanced as regions of contiguous voxels were hierarchically merged up to the boundary of the point-resolved spectroscopy box. Peak areas were determined by simple integration of the manually identified metabolite peaks using a graphical user interface (Functool, GE Healthcare). Spectra with NAA, Cre and Ch had signal-to-noise ratios of approximately 20:1, 12:1 and 12:1, respectively. The observed SNR of the lactate signal was too low for accurate analysis using our acquisition and processing methods. Myo-inositol, which is suggested to be a glial marker, was also not detectable due to the long TE (144 ms). Representative spectra are shown in Figure 2 . The metabolite ratios of Ch/Cr, NAA/Cr and NAA/Ch were calculated from the relative peak areas.
Developmental follow-up examinations All patients were evaluated at Lucile Packard Children's Hospital by the Development and Behavior Clinic between 18 and 24 months of age adjusted for prematurity (mean, 19.1. months). The AmielTison standardized neurological examination was done to identify abnormal muscle tone, movement or reflex in at least one extremity in addition to abnormal control of movement and posture 26 to diagnose CP. The Bayley Scales of Infant Development 27 for the Mental Developmental Index (MDI) and Psychomotor Developmental Index (PDI) were also performed. The MDI assesses speech, language and cognitive skills, whereas the PDI evaluates gross and fine motor skills. Both developmental indices have a mean of 100 and a standard deviation of 15 points. On the basis of MDI and PDI scores for adjusted age due to prematurity, patients were categorized as normal (X85) or abnormal (<85). The follow-up team is qualified by a NIH-supported Neonatal Research Network.
Statistical analysis
Regression analyses were used to compare metabolite ratios with (1) PMA at the time of the MRS scan, (2) gestational age and (3) birth weight. Unpaired t-tests were performed to compare metabolite ratios to developmental outcome and MRI classification. A value of P<0.05 was considered statistically significant.
Results
None of the 36 patients in our study were diagnosed with CP at 18 to 24 months. On the basis of MDI scores, 25 (69%) infants were classified as normal and 11 (31%) as abnormal. On the basis of PDI scores, 26 (76%) infants were classified as normal and 8 (24%) as abnormal. Owing to lack of participation, two infants did not receive a PDI score. Clinical data are summarized in Table 1 . Magnetic resonance spectroscopy data were analyzed in two regions of interest. Analysis was not performed on incomplete data: that is, data acquired with the slices incorrectly positioned. Metabolite ratios could be calculated for 19 infants in the thalamus and basal ganglia and 33 infants in the cortex.
Regression analyses revealed a positive correlation (r 2 ¼ 0.31, P ¼ 0.01) between PMA at MRS scan and NAA/Ch in the thalamus and basal ganglia. This same correlation was found when analyses were limited to children with a normal MDI (r 2 ¼ 0.35, P ¼ 0.04) and PDI (r 2 ¼ 0.36, P ¼ 0.02) (Figure 3) . A significant correlation was not found when analyses were limited to children with an abnormal MDI or PDI. No other significant relationships were found.
Unpaired t-tests did not demonstrate a statistically significant difference in metabolite ratios between infants with normal and abnormal developmental outcome. The ratios for both outcome groups according to the MDI and PDI are summarized in Table 2 .
On the basis of MR images, 24 (67%) infants were classified as normal and 12 (33%) as abnormal (Table 3) . Unpaired t-tests did not demonstrate a statistically significant difference in metabolite ratios between infants with normal and abnormal MRI. The sensitivity, specificity, positive predictive value and negative predictive value of MRI in predicting MDI and PDI scores at 18 to 24 months of age adjusted for prematurity are also shown in Table 3 .
Discussion
The three metabolites measured in our study were Ch, Cr and NAA. The concentration of Ch, a component of cell membrane, reflects myelination and cell membrane turnover. 28 The normal decrease in Ch during early brain development likely reflects the incorporation of Ch into macromolecules associated with myelin. 15, 29 The metabolite NAA, which is primarily stored and synthesized in neurons, 30 increases as the brain develops. Relative decreases in NAA likely reflect decreased neuronal viability, neuronal function or neuronal loss. 15 The single Cr resonance represents both Cr and phosphocreatine. Cr is converted to phosphocreatine, a high energy compound critical for maintaining cellular energy-dependent systems. 15 In adults, Cr is often used as a reference metabolite based on the assumption that Cr is relatively unaffected by age or various pathologies. 31 In our study, NAA/Ch in the thalamus and basal ganglia increased significantly between 35 and 43 postmenstrual weeks (Figure 3 ). This finding is consistent with the literature and indicates an increase in NAA and/or a decrease in Ch as a function of age. Roelants-van Rijn et al. 17 reported increased NAA/Ch in both periventricular white matter and the basal ganglia in preterm infants at 32 and 41 postmenstrual weeks. Similarly, Kreis et al. reported a significant increase in the amount of NAA measured in the cortical gray matter, thalamus and white matter between 32 and 43 postmenstrual weeks. This same study did not find significant changes in Ch during the same developmental period. In an antenatal MRS study, Heerschap et al. 18 found increased NAA between 30 and 41 weeks of gestation. Our study found the positive correlation between postmenstrual age and NAA/Ch when all infants were included, and when the analyses were limited to infants with a normal MDI and a normal PDI. A significant increase in NAA/Ch was not found when analyses were limited to infants with an abnormal MDI or an abnormal PDI. Although this result may be influenced by the limited number of children with developmental delay, it may well reflect abnormal changes in metabolite concentrations near term age in these infants. Neurodevelopmental outcome was not reported in the studies by Kreis et al. 16 or Heerschap et al., 18 but Roelants-van Rijn et al.
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reported an abnormal outcome in 2 of the 40 infants in the study. Numerous studies have found decreased NAA/Cr and/or NAA/Ch to be predictive of abnormal neuromotor outcome in term newborns with hypoxic-ischemic encephalopathy scanned at term age. [19] [20] [21] [22] [23] [24] These decreased ratios were measured in the basal ganglia, 19, 21, 22, 24 occipital cortex 20, 23 and intervascular boundary zone. 21, 22 However, in one study of preterm infants with a mean gestational age of 27.9±3.1, no difference in NAA/Cr or Ch/Cr was found at a postnatal age of 9.8 ± 4.1 weeks between infants with and without white matter damage on MRI scan. 32 Another study compared children younger than 2 years with developmental delay (1.5, 0.5 to 2 years; mean, range) with age-matched control subjects (1, 0.5 to 2 years), and compared children older than 2 years with developmental delay (5, 3 to 10 years) with age-matched control subjects (5.7, 3 to 10 years). 29 Significant differences in NAA/Cr and Ch/Cr between children with developmental delay and age-matched control subjects were only found in the older group. In children older than 2 years with developmental delay, the NAA/ Cr ratio was decreased in frontal and parieto-occipital subcortical white matter, and the Ch/Cr ratio was increased in the parietooccipital subcortical white matter. A future longitudinal study could allow a more accurate assessment as to whether the developmental changes in metabolites over time are abnormal in the poor outcome group. Our study is consistent with the limited data available and suggests that although NAA/Cr and/or NAA/Ch are useful in predicting outcome of asphyxiated neonates scanned at term, the ratios are not predictive of future development in VLBW preterm infants scanned near the same PMA.
Lactate accumulates during acute cerebral hypoxic-ischemic insults due to anaerobic metabolism. Numerous studies of term neonates with encephalopathy have found an association between increased lactate and poor developmental outcome. [19] [20] [21] [22] [23] [24] In the majority of these infants, MRS was performed within 1 week after delivery. As would be expected in these studies, lactate levels were found to be increased because injury was still acute or subacute at the time of MRS. Given the SNR of the data acquisition and the postnatal age of the infants (9.5±3.0 weeks) in our study, lactate peaks were not distinguished from the noise. In one study, however, comparing metabolite ratios of preterm infants scanned at a postnatal age of 9.8 ± 4.1 weeks, Robertson et al. 32 reported a significant difference in lactate/Cr in the periventricular area between infants with and without white matter damage observed on MRI. In our study, 12 infants had MRI abnormalities, but no infants had classic periventricular leukomalacia. Lactate peaks were not significantly above the noise in any of the infants in our study, perhaps because compared with the study by Robertson et al., the white matter damage was not as severe, the SNR was lower, fewer MRS spectra were acquired at the level of the thalamus and basal ganglia or selected regions of interest were different. Magnetic resonance imaging did not correlate with metabolite ratios measured by MRS in our study. MRI has been shown to be more sensitive than ultrasonography in predicting white matter abnormalities. [8] [9] [10] In our previous study using the same MRI classification criteria, the sensitivity, specificity, positive predictive value and negative predictive value of MRI in predicting CP at 20 months were reported as 71, 91, 50 and 96%, respectively. 8 The values reported in our study at predicting normal and abnormal outcomes based on the MDI and PDI at 18-24 months adjusted age were 42, 71, 42 and 71%, and 63, 73, 42 and 86%, respectively. These differences likely reflect the differing outcome measure, CP versus Bayley developmental indices. No infants in our study were diagnosed with CP, and only 4 and 2 infants had abnormal MDI and PDI scores at least two standard deviations below the mean (score <70), respectively. Earlier studies by Cook et al. 33 have shown that after removing children with CP from a population of preterm infants, MRI even at 8 years of age was not predictive of school performance.
There were several notable limitations to this retrospective study. The sample size was relatively small and few infants exhibited abnormal developmental outcome. Only one MRI/MRS scan was performed on each subject; data at multiple developmental time points would strengthen the conclusions. Because MRS scans were performed after a series of MRI scans, it was not always possible to obtain spectra from all subjects who were not compliant for the full duration of the exam. Ratios, rather than absolute concentrations, 34, 35 were computed from the spectra. Owing to certain factors, such as magnetic field inhomogeneity over a large volume and patient motion, it was necessary to average signals over a large region of interest to obtain sufficiently high SNR for quantitative analysis. Volumetric MRS imaging acquisition techniques [36] [37] [38] for increased spatial coverage, as well as shorter echo times 39 and phased-array head coils 40 for an increased SNR, would improve the metabolite data. MRI data was not included in determining the accuracy of predicting long-term outcome; this study was intended to focus solely on the potential of MRS to make clinical diagnoses, whereas in the clinical setting, MRS is typically used as supplemental data to aid in clarifying MRI findings. A normal Bayley exam at 2 years of age may not necessarily reflect normal cognitive and motor function at an older age. 1 Another study of term neonates with encephalopathy found that 15% of the children considered normal at 2 years had minor neurological dysfunction and/or perceptual motor difficulties at 5 to 6 years of age. 41 As a result, follow-up at a later date is necessary.
Conclusion
The ratio of NAA/Ch in the thalamus and basal ganglia increased between 35 and 43 postmenstrual weeks, possibly reflecting neuronal maturation.
11 Near-term proton MRS did not predict neurodevelopmental outcome in VLBW preterm infants. Specifically, the ratios of Ch/Cr, NAA/Cr and NAA/Ch were not predictive of Bayley MDI and PDI scores at 18 to 24 months adjusted age in our patient cohort.
